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The recent electron recoil excess observed by XENON1T has a possible interpretation in terms
of solar axions coupled to electrons. If such axions are still relativistic at recombination they would
also leave a cosmic imprint in the form of an additional radiation component, parameterized by an
effective neutrino number ∆Neff. We explore minimal scenarios with a detectable signal in future
CMB surveys: axions coupled democratically to all fermions, axion-electron coupling generated
radiatively, the DFSZ framework for the QCD axion. The predicted ∆Neff is larger than 0.03−0.04
for all cases, close to the 2σ forecasted sensitivity of CMB-S4 experiments. This opens the possibility
of testing with cosmological observations the solar axion interpretation of the XENON1T excess.
I. INTRODUCTION
Light and weakly coupled bosons appear natu-
rally in several extensions of the Standard Model
(SM). A famous example is the one of Peccei-
Quinn (PQ) theories [1, 2] with the QCD ax-
ion [3, 4] as a pseudo-Nambu-Goldstone-boson
(PNGB). More generally, PNGB are ubiqui-
tous in motivated theoretical frameworks where
axion-like particles (ALPs) arise from string
compactifications [5].
A promising strategy to discover these parti-
cles is by searching for electron recoils induced
by the absorptions of axions produced in the
Sun. Recently, the XENON1T experiment has
reported an excess in the number of electron re-
coil events in the energy range 1 − 7 keV [6].
Among several plausible explanations, solar ax-
ions stood up with a 3.5σ statistical signifi-
cance. However, one should take the solar ax-
ion interpretation with the necessary caution.
Other signal interpretations that do not require
new physics, such as a higher concentration of
tritium [6, 7], remain viable. Moreover, the
value of the axion-electron coupling favored by
XENON1T is in sharp tension with stellar cool-
ing bounds [6, 8] (See also Refs. [9–11]).
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In this work, with the above caveats in mind,
we correlate the solar axion interpretation of the
XENON1T excess with a distinct cosmological
signal. The observed events inform us that ax-
ions couple to electrons, and this leads to the
natural expectation that it could couple to other
SM fermions as well. We consider a few plausi-
ble examples where the axion: (i) couples to all
SM fermions with the same strength; (ii) cou-
ples at tree level only to one SM fermion and
this induces a nonzero coupling to electrons at
one loop; (iii) is part of a well defined framework
that indeed has couplings to all SM fermions,
the DFSZ case [12, 13]. Such couplings with SM
fermions may imply [14–16] that axions achieve
thermal equilibrium in the early universe, and
later decouple from the primordial plasma at a
temperature TD. This gives rise to an additional
radiation component, with observable effects on
the CMB spectra, historically parameterized in
terms of an effective neutrino number as
∆Neff = 13.8 g
−4/3
∗s
∣∣∣
T=TD
, (1)
where g∗s is the number of relativistic degrees
of freedom contributing to the entropy den-
sity. This expression teaches us that the later
the axion decouples, the larger the final ∆Neff
is. In many models the axion thermalizes well
above the weak scale by interactions with glu-
ons [17] or with the top quark [18], and for
the above mentioned reason the final predic-
tion will be dominated by the interactions with
heavy fermions below O(100) GeV. Such pro-
cesses could potentially be probed with CMB-
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2S4 experiments which have a forecasted sensi-
tivity of σ(∆Neff) ' 0.027 [19] thus opening up
a window to probe axion thermalization for tem-
peratures below O(100) GeV. In this paper we
show how such production may be linked to the
XENON1T excess in simple models.
We discuss axion production via fermion scat-
tering in Sec. II, providing cross sections for
the processes contributing to the signal in ∆Neff
and the related Boltzmann equations. We con-
sider two main classes of explicit realizations: a
non-anomalous ALP coupled to SM fermions in
Sec. III, and the QCD axion in Sec. IV. Measur-
ing a non-vanishing contribution to ∆Neff would
provide the additional information discussed in
Sec. V. We defer radiatively induced axion cou-
plings to App. A, and we conclude in Sec. VI.
II. THERMAL AXIONS PRODUCTION
VIA FERMION SCATTERING
We consider axion production via fermion
scattering below the electroweak phase transi-
tion (EWPT). These processes are mediated by
the following dimension 5 contact interactions
Laψψ = ∂µa
2f
∑
ψ
cψψ¯γ
µγ5ψ , (2)
with a and ψ the axion and SM fermions, re-
spectively. The quantity f is the axion decay
constant, and we implicitly consider microscopic
models where the only new degree of freedom ac-
cessible below the scale f is the axion. The di-
mensionless coefficients cψ encode unknown UV
dynamics and can be thought as the result of
integrating out heavy physics at energy scales
above f . They are energy dependent and we
provide details of their renormalization group
evolution (RGE) in App. A.
There are two leading production channels:
fermion/antifermion annihilation (ψ¯ψ → Xa)
and Compton-like scattering (ψX → ψa, and
the same with the antifermion ψ¯). The particle
X can be either a gluon or a photon depend-
ing on whether the SM fermion ψ carries color
charge. For colored fermions, namely SM quarks
q, axion production is driven by processes with
gluons, whose cross sections read [15]
σq¯q→ga =
c2qg
2
sxq
9pif2
tanh−1
(√
1− 4xq
)
1− 4xq , (3)
σqg → qa =
c2qg
2
sxq
192pif2
4xq − 2 ln (xq)− x2q − 3
1− xq .(4)
Here, xψ = m
2
ψ/E
2
CM and ECM is the energy in
the center of mass frame. If the SM fermion re-
sponsible for axion production is a lepton, pro-
cesses with photons would dominate and they
have cross sections [16]
σ`+`−→γa =
c2`e
2x`
4pif2
tanh−1
(√
1− 4xl
)
1− 4xl , (5)
σ`±γ→`±a =
c2`e
2x`
32pif2
4x` − 2 ln(x`)− x2` − 3
1− x` .(6)
As it is manifest from these expressions, cross
sections are proportional to m2ψ and therefore
lighter fermions need a smaller f/cψ to thermal-
ize. Since ∆Neff ∝ g∗s(TD)−4/3, the later the
axion decouples the larger the signal would be;
processes with light fermions, if efficient, would
give the leading contribution.
We compute the resulting ∆Neff by solving
the Boltzmann equation for the comoving den-
sity Ya = na/s, where na is the axion number
density and s = 2pi2g∗sT 3/45 the entropy den-
sity. We employ as a “time variable” the di-
mensionless combination x = M/T , where M is
some convenient mass scale (e.g., the mass mψ of
the fermion under consideration), and the axion
comoving density evolves according to
dYa
dx
=
(
1− 1
3
∂ ln g∗s
∂ lnx
) ∑
S γS
sHx
(
1− Ya
Y eqa
)
.
(7)
Here, Y eqa is the axion equilibrium comoving
density and the collision rate γS for a specific
process results in γij↔ka ≡ neqi neqj 〈σij→kavrel〉.
At low enough temperatures, the axion comov-
ing density freezes to a constant value Y∞a and
the resulting value of ∆Neff reads
∆Neff = 74.85 (Y
∞
a )
4/3
. (8)
We provide a perturbative description of bi-
nary collisions producing axions, and such a de-
scription is valid as long as SM gauge couplings
are small and the thermal bath is described by
a weakly-coupled plasma of quarks and gluons.
This clearly breaks down as we approach the
QCD phase transition, and we conservatively
stop the evolution described by the Boltzmann
equation at 1 GeV. For production driven by the
top quark as well as for the one driven by leptons
this is not an issue. However, for the bottom and
for the charm this is a potential serious prob-
lem. In particular for the charm, axion produc-
tion is likely to be efficient also below the GeV
scale, and since g∗s is rapidly changing around
that temperature this translates into a signifi-
cant theoretical uncertainty on the amount of
3axions. Production via pion scattering [20–22]
could give some additional contribution for the
values of f we are interested in. For these rea-
sons, we should interpret the output of our cal-
culations for bottom and charm as a lower bound
on the resulting ∆Neff. Moreover, we assume
zero axion abundance at temperatures slightly
above the EWPT. An initial abundance could
also be present but that would depend on other
aspects such the reheating temperature and on
the value of g∗s at higher temperatures 1.
In the next two sections, we study these pro-
cesses in various setups corresponding to differ-
ent choices for UV fermion couplings as well as
different relations between them and the ones to
SM gauge bosons.
III. NON-ANOMALOUS ALPS
We consider ALPs arising from the sponta-
neous breaking of a non-anomalous symmetry.
For this reason, at the symmetry breaking scale
f we have only the couplings to fermions in Eq. 2
and no couplings to gauge bosons. Neverthe-
less, dimension 5 couplings to gauge bosons can
be generated as a consequence of threshold cor-
rections, proportional to (ma/f)
2, once we inte-
grate out SM fermions [23]. ALPs contributing
to dark radiation must be relativistic between
the epoch of matter-radiation equality and re-
combination. This results into the upper bound
ma . O(0.1)eV, and threshold corrections are
negligible for these masses. We account for cou-
pling to photons in the next section when we
study the QCD axion case.
We define each case studied in this section by
a choice of Wilson coefficients cψ(f) at the UV
scale f . The resulting couplings at low energy,
cψ, can be found according to the RGE prescrip-
tion provided in App. A. The low-energy axion-
electron interaction that we need in order to ad-
dress the XENON1T excess lies in the range
f
ce
≡ me
gae
∣∣∣∣
XENON1T
' (1.46− 1.96)× 108 GeV .
(9)
1 Assuming an initial axion abundance due to scatter-
ings that decouple at TD  O(100) GeV [17, 18] would
simply flatten the curves of the ∆Neff predictions at
large f to the equilibrium value, which is at most the
value obtained assuming the SM with no extra degrees
of freedom at such TD, ∆Neff ' 0.027, see [15, 16].
Figure 1. Relation between the axion-fermion cou-
pling cψ(f) at the UV scale and the scale f itself that
we need in order to generate a radiative coupling to
the electron consistent with the XENON1T excess.
This could turn out to be the case both because
the axion couples to electrons at the high scale f
(ce(f) 6= 0), or because the low-energy coupling
ce is induced by radiative corrections. In the
latter case, we need the fermion couplings at the
UV scale illustrated in Fig. 1.
A. Democratic ALP
The first case we consider is the democratic
ALP where the axion has democratic (cψ ∼ 1)
and flavor conserving couplings to all fermions.
This scenario can be motivated in two different
ways: one can assume that all fermions have cou-
plings of order one in the UV, or one can con-
sider an axion-top coupling of order unity in the
UV (ct(f) ∼ 1) and RGE would generate axion
couplings cψ ∼ 1 at low energy to all fermions.
We set cψ = 1 and the signal in ∆Neff is dom-
inated by axion-heavy quark scatterings. We
solve the Boltzmann equation with the cross-
sections given in Eqs. 3 and 4 assuming zero
axion abundance at temperatures above the
EWPT. The results are shown in Fig. 2. For f
in the XENON1T window the scatterings with
the charm and bottom dominate the signal and
yield ∆Neff slightly above 0.04.
B. Loop-induced electron coupling
The second scenario we study is the one where
the axion-electron coupling at low energies is
radiatively induced from an axion-fermion cou-
pling (ψ = τ, c, b or t) at the UV scale. The val-
4Figure 2. ∆Neff in the democratic case where the
relevant channels are scatterings with heavy quarks
c, b, t. We assumed no initial axion abundance above
the EWPT and integrated the Boltzmann equation
down to 1 GeV to avoid getting too close to strongly
coupled regimes. Green bands represent the fore-
casted sensitivity of CMB-S4 experiments [19].
ues of cψ(f) needed to explain the XENON1T
excess are given in Fig. 1 for each fermion 2.
For each case, we assume a single cψ(f) to be
nonzero at the UV scale and we solve the Boltz-
mann equation including all the radiatively in-
duced couplings at low energy.
Our predictions for ∆Neff as a function of f
for different values of cψ(f) are shown in Fig. 3.
In the upper horizontal axis we show the value
of cψ(f) needed to explain the XENON1T ex-
cess for the associated value of f . The predicted
∆Neff for each fermion is quite sharp in this loop-
induced scenario because cψ(f)/f is mostly fixed
by the RGE (up to logarithmic corrections and
the experimental uncertainty in gae).
In the case of the top, upper left plot, the
XENON1T region corresponds to ∆Neff ∼ 0.04
and f = [6× 106, 109] GeV for ct(f) in the win-
dow 0.1 − 10. Note that in this case the ra-
diatively induced couplings to others fermions
(µ, τ, c and b) are relevant and so we accounted
for several channels to produce the axion.
For bottom and charm, respectively upper
right and lower left plot, the axion is in ther-
mal equilibrium at 1 GeV for couplings in the
XENON1T region. This is the temperature
2 We do not consider the muon because the cou-
pling needed to generate the correct gae is of or-
der cµ(f)/f ∼ 10−4GeV−1, which is disfavored by
about 2-3 orders of magnitude by supernova con-
straints [16, 24, 25].
at which we stop the Boltzmann equation for
quarks, and the relic abundance saturates at
∆Neff = 13.8 g
−4/3
∗s |T=1GeV for lower values of
f . Thus the prediction of ∆Neff ' 0.044 should
be understood for these cases as a lower bound
on the signal. The range of f needed to get
the right loop-induced ce is, for the bottom,
f =
[
2× 103, 5× 105] GeV for cb(f) = [0.1, 10]
and, for the charm, f =
[
2× 103, 4× 104] GeV
in the window cc(f) = [1, 10].
Finally, we look at the τ , lower right plot.
This case is quite interesting because the axion
thermalizes at a much lower temperature and
the calculation is still under control since it does
not involve QCD. The relative signal is boosted
to values of ∆Neff ' 0.3 and f =
[
103, 3× 104]
GeV for cτ (f) = [1, 10]. Such a large value
of ∆Neff is already now within the 2σ sensitiv-
ity region of the latest CMB experiments. In
particular, although CMB and LSS data alone
do not hint at a non-zero value of ∆Neff [26],
when including SH0ES 2019 local Hubble con-
stant measurement of H0 [27] there is a shift of
the central value towards ∆Neff = 0.26
+0.16
−0.15 [28]
(or ∆Neff = 0.28
+0.16
−0.17 [29] adding also the Pan-
theon Supernova dataset) which is in remark-
able agreement with the above prediction. Such
values will be tested also by forthcoming CMB
experiments, such as LiteBIRD [30], Simons Ob-
servatory [31] and CMB-S4 [19].
IV. QCD AXION
In the QCD axion case the non-perturbative
axion potential leads to the general relation for
its mass [32, 33]
ma = 5.70(6)× 10−2
(
108 GeV
f
)
eV . (10)
For f ∼ 108GeV the axion is relativistic at the
time of CMB decoupling and thus will again con-
tribute to ∆Neff.
There are two benchmark classes of QCD ax-
ion models: KSVZ [34] and DFSZ [12, 13]. The
former does not have tree-level couplings to SM
fermions so it does not seem able to explain the
XENON1T excess and satisfy the CAST bound
at the same time [6, 35]. Therefore we focus
on the DFSZ models whose couplings to quarks
satisfy to
cU + cD = 1 , (11)
where cU is the universal coupling to the up-
type quarks and cD the universal coupling to
5Figure 3. ∆Neff as a function of f for a few values of cψ(f) in the scenario where the axion-electron coupling
is generated at loop-level. We assumed no initial abundance of axions above the EWPT. For quarks we
stopped the Boltzmann equation at 1GeV to avoid getting too close to strongly coupled regimes. The upper
horizonal axis indicates the value of cψ(f) needed for any given f to explain the XENON1T excess. Green
bands are the forecasted sensitivity of CMB-S4 experiments [19]
the down-type ones. The axion may couple to
charged leptons as to the up-type quarks or as
to the down-type quarks: we take the second
option for concreteness, as in [6], i.e. cE = cD,
being cE the universal coupling to the charged
leptons.
The DFSZ model also features two Higgs dou-
blets, but the extra Higgs and also the rest of
the SM couplings (i.e. with gauge bosons and
the physical Higgs) are neglected here, since
they would affect axion production only at very
high T and would give a subdominant contri-
bution due to eq. (1), compared to the produc-
tion via fermions, which are relevant at lower
temperatures, TD ≈ 1 − 10 GeV. The photon-
axion coupling in DFSZ model takes the value
caγγ = 8/3 (caγγ = 2/3) if the charged leptons
couple to the axion as the down-type (up-type)
quarks do; such a coupling is important for ex-
periments that search for axions, but it gives
a subdominant contribution to ∆Neff. Finally,
there are no RGE effects in this case since we
can always choose a basis where the axion ap-
pears only inside the quark mass matrix [33].
The contributions to ∆Neff are dominated by
scatterings with heavy quarks and can be seen in
Fig. 4, where three cases are considered: cU = 1
and cD = 0 in blue in the plot, cU = 0 and
cD = 1 in red, and cU = 0.5 = cD in black.
While the vertical axis represents ∆Neff, the
horizontal one stands for f or equivalently for
gae/ cos
2 βDFSZ, being cos
2 βDFSZ = x
2/(x2 + 1)
the parameterisation of x = v1/v2, which is the
ratio of the Higgs VEVs.
V. WHAT ∆Neff > 0 CAN TEACH US
Having correlated the signal in XENON1T
with a potential non-vanishing ∆Neff, it is now
instructive to ask what we can learn from a non-
zero detection of ∆Neff:
6Figure 4. Prediction for ∆Neff for the DFSZ axion
model. Here we show the top, bottom and charm
contributions for three different choices of the PQ
charges: cU = 1 and cD = 0 in blue, cU = 0 and
cD = 1 in red, and cU = 0.5 = cD in purple. We as-
sumed no initial abundance of axions at low temper-
atures and integrated the Boltzmann equation down
to 1GeV to avoid getting too close to strongly coupled
regimes. Green bands are the forecasted sensitivity
of CMB-S4 experiments [19]
a. No detection, ∆Neff . 0.03: The axion
does not couple to heavy quarks or the coupling
is small.
b. ∆Neff ∼ 0.03 − 0.05: A detection of
∆Neff in this window would give a strong hint
that the axion couples to at least one of the
heavy quarks. In particular, assuming that we
know g∗s(TD) with enough precision from lat-
est lattice simulations [36] then in a given model
where all the PQ charges are fixed, e.g. DFSZ,
the detection in XENON1T would tell us the
value of f and, consequently, there would be a
sharp prediction for ∆Neff. Therefore, in princi-
ple one would be able to test if the ratio of PQ
charges cψ/ce is indeed the predicted one.
c. ∆Neff & 0.05: In this case axion produc-
tion could come from different sources: either
from the τ with a small f or from axion cou-
pling to charm or bottom at temperatures below
1 GeV. In the latter case a reliable calculation of
axion production close to the QCD phase tran-
sition would be needed.
VI. CONCLUSIONS
Next-generation detectors such as XENONnT
and others [37, 38] will be able to discriminate
with high significance between the different in-
terpretations for the excess in the number of
electron recoil events at XENON1T. The solar
axion interpretation still has to overcome the
challenge of being compatible with stellar cool-
ing results. However, if it remains firm, it will
open a whole new axion window to the universe.
In this work we explored correlated signals
of the XENON1T excess in cosmological data.
Namely, we studied how the presence of axion
couplings to other leptons and quarks can give
a sizable contribution to ∆Neff due to the possi-
bility of thermalizing the axion at temperatures
of order 1 − 10 GeV. We presented three dif-
ferent motivated setups where such couplings
would exist: i) if the axion couples democrat-
ically to all fermions in the UV (Fig. 2); ii)
if the axion-electron coupling compatible with
XENON1T is radiatively induced from an axion-
(τ, c, b, t) coupling (Fig. 3); iii) the DFSZ model
of the QCD axion (Fig. 4). The largest sig-
nal comes from case ii) when the axion couples
only to the τ in the UV. In such a case we find
in the XENON1T region f/cτ ∼ 103 GeV and
∆Neff ' 0.3, which interestingly coincides with
the recent CMB analyses including supernova
data [28, 29]. In the remaining cases the values
of f/cψ in the XENON1T region are consider-
ably higher, up to f/cψ ∼ 108 GeV, and the
signal is predicted to be ∆Neff & 0.04, which
can still be detected at the 2σ level with future
CMB-S4 experiments [19]. In all such cases the
XENON1T range leads to the possibility of test-
ing axion physics through cosmological data in
the coming years, and would allow us to exper-
imentally test the Universe at temperatures of
T ≈ 1 − 10 GeV. This would be a remarkable
improvement over our current ability to look at
the earliest stage of the universe, going by 3 or
4 orders of magnitude above the present high-
est experimentally accessible temperature, T ≈
MeV, given by nucleosynthesis.
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Appendix A: RGE of axion couplings
As already emphasized in Sec. II, the effec-
tive axion couplings to SM fermions in Eq. 2 are
originated at the PQ breaking scale f and at
lower energies there are only SM fields and the
axion itself. This working assumption allows us
to evolve the dimensionless Wilson coefficients
cψ at lower energy scales by only using known
SM interactions. We neglect flavor violating ef-
fects and neutrino masses, and the detailed RGE
can be found in Refs. [39, 40] where anomalous
dimension matrices are derived both above and
below the EWPT. We do not consider the RGE
of SM couplings and we limit ourselves to the
results of a fixed-order calculation. The expres-
sions for the low-energy couplings can be written
in terms of simple analytical expressions [41–43],
and at a generic renormalization scale µ < f
they read
cψ(µ) = cψ(f)− T (3)ψ × ∑
mψ′<µ
c′ψ(f)
N
(c)
ψ′ T
(3)
ψ′ λ
2
ψ′
2pi2
ln
(
f
µ
)
+
∑
mψ′>µ
c′ψ(f)
N
(c)
ψ′ T
(3)
ψ′ λ
2
ψ′
2pi2
ln
(
f
mψ′
) .
(A1)
Here, T
(3)
ψ = (+1/2,−1/2) is the value of the
third component of the weak-isospin for the
fermion ψ, that also has a Yukawa coupling λψ
and number of colors N
(c)
ψ . The first sum runs
over SM fermions with mass below the renormal-
ization scale µ, and thus over degrees of freedom
still accessible, whereas the second sum runs
over SM fermions heavier than µ that have been
integrated out.
In order to address the XENON1T excess, we
need a significant low-energy coupling to elec-
trons and its explicit expression in terms of UV
couplings results in
ce = ce(f) +
∑
ψ′
c′ψ(f)
N
(c)
ψ′ T
(3)
ψ′ λ
2
ψ′
4pi2
ln
(
f
mψ′
)
,
(A2)
with the sum over all SM fermions coupled to
the axion.
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